Virions of three plaque variants (L-, M-and S-) of Mengo virus, which assume a bimodal distribution when subjected to isoelectric focusing in sucrose-stabilized pH gradients containing o'5 ~ Brij 35, were found to band in a single peak (at pH 8-I to 8"4) when focused under the same conditions in gradients supplemented with 6 M-ethylene glycol. An examination of M-Mengo virions, isoelectric at pHs 4'7 and 8"4 in sucrose-stabilized gradients, showed that the two populations were indistinguishable on the basis of specific infectivity, polypeptide composition and sedimentation characteristics, but differed in their ability to agglutinate human erythrocytes.
INTRODUCTION
In an earlier publication (Chlumecka, D'Obrenan & Colter, ~973 ) the electrophoretic behaviour of three plaque variants of Mengo virus (L-, M-, S-Mengo; Ellem & Colter, ~96I) in sucrose-stabilized pH gradients was described. The distribution of each variant was found to be bimodal, the average values for the pHs at which the major (75 to 9 ° ~ of input virions) and minor peaks were found being as follows: L-Mengo, 8.I and 4"6; M-Mengo, 4"4 and 6"3; S-Mengo, 4"6 and 6.8.
These findings were qualitatively similar to those reported earlier for poliovirus by Mandel (197I) and more recently for human rhinovirus type 2 by Korant et al. 0975) . With both polio and Mengo viruses it was found that the specific infectivity (p.f.u./ct/min) of the virus in the two bands was essentially the same, and that when virions from either the major or minor peak were re-electrofocused, they were again resolved into a bimodal distribution very similar to that obtained with the original specimen. These observations prompted Mandel (t97I) to suggest that the polio virion can exist in either of two different, but interconvertible, conformational states. The situation with human rhinovirus type z appears to be somewhat different in that of the two virion populations, which band at pHs 4"5 and 6"4, only those virions which band at the higher pH were found to be capable of attaching to Hela cells and therefore to be infectious (Korant et al. I975) . The present report summarizes the results of further studies of the application of the technique of isoelectric focusing to investigations of the three plaque variants of Mengo virus. The effects of ethylene glycol on focusing were examined, certain of the biological, biochemical and immunological properties of the virus populations isoelectric at two different pHs in sucros-stabilized gradients were compared, and the electrophoretic behaviour of individual capsid polypeptides as well as of products formed by the pHinactivation of the virions was examined.
METHODS

Mengo virus.
The three plaque variants (L, M and S) used in these studies were those isolated originally by Ellem & CoRer (196I) . They were propagated in monolayer cultures of Earle's L-929 strain of mouse fibroblasts, labelled in their protein moieties by incubating infected cells in medium containing a mixture of either 1~C-or 3H-labelled amino acids, and purified by the method described by Ziola & Scraba 0974) .
Inactivation of virus and isolation of protein subunit. Purified virions were inactivated (by incubation at pH 6.z in the presence of o. I M-CI-) and the 13"4S subunit isolated (by sucrose density gradientcentrifugation) as described previously (O'Callaghan, Mak & CoRer, I97O ) . Dithiothreitol (DTT, I mM) was included in the reaction mixture to prevent disulphide cross-linkage of the subunits, and, in some cases, RNase (2/zg/ml) was added to eliminate the possibility of contamination of the protein subunit with virus RNA (Mak et al. I97I ) .
Isolation of virus polypeptides. Purified, a~C-labelled Mengo virions were suspended in o.oi M-sodium phosphate buffer (pH 7"2) containing 4 M-urea, I ~ SDS, 5 ~ fl-mercaptoethanol, I mM-phenylmethylsulphonylfluoride, Io ~ glycerol and o.ooi5 ~ bromophenol blue, and heated for 5 rain in a boiling water bath, after which the solubilized capsid polypeptides were separated by SDS-polyacrylaxnide gel electrophoresis according to the procedure described by Weber & Osborn (I969) . Replicate, Io ~ SDS-polyacrylamide gels were polymerized in 6 mm (i.d.) × 25 cm glass tubes, and were pre-electrophoresed for I h at 8 mA/gel before samples of the solubilized virions were applied. Electrophoresis was carried out at 4 mA/gel for the first hour, after which the current was increased to and held at 8 mA/gel for an additional I8 h. The gels were then fractionated using the automatic aliquogel fractionator (Gibson Medical Electronics, Inc.). After an overnight incubation at 37 °C in Io mM-sodium phosphate buffer (pH 7.2) containing o.2 ~ SDS, a sample was removed fi'om each fraction, added to Io ml of scintillation fluid (Fisher ScintiVerse) and the radioactivity measured in a Nuclear Chicago Mark I liquid scintillation spectrometer. Fractions containing the four major structural polypeptides, ~, fl, 7 and 8 (Ziola & Scraba, I974) were pooled, centrifuged to remove gel fragments, concentrated by Sephadex G2oo solvent absorption, dialysed against o.2 M-Na2HPO4 containing 8 M-urea, ~ M-NaC1 and o.oi M-fl-mercaptoethanol and passed through a column (o. 5 × 4 cm) of Dowex AGz-XIo (2o0 to 4oo mesh, BioRad Laboratories) equilibrated with the same buffer. Fractions containing SDS-free polypeptides were pooled and dialysed extensively against distilled water containing 2 % p-mercaptoethanol, o'5% Brij 35 and 1% ampholytes before being analysed by isoelectric focusing.
SDS-polyacrylamide gel electrophore~is. The polypeptide composition of virus populations isoelectric at different pHs, and of bands produced by isoelectric focusing ofpH-inactivated virions was determined as outlined above, except that gel fractions were incubated overnight at 60 °C in 30 % H202 before measurements of radioactivity were made.
Isoelectric focusing. Isoelectric focusing was carried out as described previously (Chlumecka et al. 1973 ) using a I IO mljacketed column (LKB 8IOI). Focusing was achieved in a IOO ml linear sucrose density gradient (o to 46 %) containing o'5 % Brij and 1% synthetic carrier ampholytes, chosen to generate the desired pH gradient (usually pH3 to IO, but in some cases pH 4 to 6). In certain of the studies of intact Mengo virions, and in all studies of the structural polypeptides, the gradient also contained 6 M-ethylene glycol, and a reducing agent (either p-mercaptoethanol or DTT) was added to all gradients used for focusing either individual capsid polypeptides or the products produced by pH inactivation of the virions. At the end of each run, 1.5 ml fractions were collected, diluted with I ml of CO~-free distilled water, and the pH of each was measured at 22 °C with a radiometer PHM 26. A sample was taken from each fraction and mixed with IO ml ScintiVerse for radioactivity measurements.
Infectivity, haemagglutination (HA) and haemagglutination inhibition (HI) assays.
Infectious virus was determined by a standard plaque assay method using monolayers of mouse fibroblast cells, strain L929 HA and HI assays were carried out according to the microtechnique described by Sever (I 962), using o'o5 M-borate-o. 12 M-NaC1 buffer, pH 8.0, as a diluent and a I-5 % (v/v) suspension of human type O erythrocytes. In the case of HA assays, trays were incubated for 6o min at room temperature before the results were read. For HI assays, 8 HA units of virus were incubated for 2 h at room temperature with serial twofold dilutions of antiserum (rabbit) against Mengo virus polypeptides, after which the erythrocytes were added, and the results read after an additional I h incubation at room temperature.
RESULTS
Isoelectric focusing of intact Mengo virions
When purified 3H-uridine labelled Mengo virions were subjected to isoelectric focusing in sucrose-stabilized pH gradients containing 6 M-ethylene glycol and o'5 % Brij 35, results such as those illustrated in Fig. I were obtained. The inclusion of ethylene glycol was prompted by the report of Jones, Hemmings & Faulk (I97I) that this reagent increases the solubility of mammalian gamma globulins during isoelectric focusing. Under these conditions of electrofocusing, all three Mengo variants behaved essentially identically, as exemplified by the data obtained with L-Mengo and shown in Fig. I . Although a small peak was observed at about pH 4"5 to 5"o, virtually all the virions were found in a single peak at pH 8.1 to 8. 4. In this series of experiments, the Mengo virions (L, M or S) were distributed throughout the sucrose gradient prior to focusing.
These results were similar to those obtained with L-Mengo in our earlier study (Chlumecka et aL I973) , but differed sharply from those obtained earlier with the M and S variants. For this reason, the behaviour of M-Mengo was re-examined employing the same conditions as those used in the previous investigation, i.e. the same as those outlined in the foregoing paragraph except that ethylene glycol was not added to the gradient. The most common result obtained from an extensive series of experiments was the bimodal distribution shown in Fig. 2 , the average pHs at which the major and minor peaks were found being 8. 4 and 4"7 respectively. It should be noted, however, that although the pHs at which the peaks found were reproducible, there was considerable variability from experiment to experiment in the distribution of virions between the two peaks. In this regard, it was found-in agreement with the observations of Mandel (I97I) and Korant et al. (1975) the virus is layered in the gradient has a significant influence on the distribution of virions between the two peaks. When the virus was placed at the acidic end of the gradient, it was distributed into two peaks (pH 4"2 to 4"9 and 8-o to 8"4), whereas when it was placed in either the neutral (pH 6"5 to 7"o) or alkaline (pH 8.o to 8.5) part of the gradient, it gave rise, upon focusing, to a single peak at a pH of 8.o to 8"4. Surprisingly, the same result was obtained when the virus sample was introduced either before or after the pH gradient was generated.
Biochemical and biological properties of virions isoelectric at different pHs
It was of interest to learn whether virions which were isoelectric at pHs 4"7 and 8"4 differed with respect to any readily measurable biochemical or biological parameter. Studies aimed at detecting possible differences were carried out with M-Mengo, which had been subjected to isoelectric focusing in a sucrose-stabilized gradient containing o'5 ~ Brij 35.
Infectivity measurements of the virions in the two peaks confirmed our earlier observation (Chlumecka et al. ~973 ) that the specific infectivities (p.f.u./ct/min) of the two virus populations are identical. The polypeptide compositions of the virus particles recovered from the two peaks were shown by SDS-polyacrylamide gel electrophoresis to be identical. In both cases, the virus particles were found to contain equimolar amounts of the four major structural polypeptides, a, fl, y and ~, plus trace amounts of the precursor proteins, D2 and e (see Ziola & Scraba, I974) . The physical integrity of the virions was examined by velocity sedimentation in 5 to 40 ~ linear, neutral sucrose density gradients. The results, illustrated in Fig. 3 , show clearly that the particles isoelectric at pH 4"7 and 8"4 are, by this criterion, dentical and indistinguishable from control, unfocused virions.
HA and HI assays revealed the only apparent difference between the two virus populations that was detected in this study. Samples of the pooled peak fractions generated by isoelectric focusing, as well as a sample of the original virus pool, were diluted to contain the same number of ct/min/ml (i.e. the same number of physical particles/ml). These samples, which were considered to be Io ° dilutions for assay purposes, were titrated for HA activity as outlined in Methods. The results are summarized in Table I , from which it may be seen that the HA titre of virions isoelectric at pH 4"7 was found to be about twice that of either the virions isoelectric at pH 8"4 or the virions in the unfocused pool. The results of the HI assays, also shown in Table 1 , are predictable on the basis of the HA assays, since 8 HA units of the virions isoelectric at pH 4"7 represent fewer physical particles than is the case with either of the other two samples. I84 t6 * Portions of the three samples were diluted to contain the same number of ct/min/ml (i.e. same number of physical particles/ml) before being titrated for HA activity. Titres shown are the means of eight assays, and are expressed as the reciprocal of the highest dilution of virus giving a positive reaction. 
lsoelectric fractionation of virus breakdown products
It was felt that an examination of the electrophoretic behaviour of sub-viral fragments might provide some insight into that of the intact virions. Accordingly, the products produced by inactivation of the Mengo virus variants at pH 6.2 in the presence ofo.I M-chloride ions and ~ mM-DTT were subjected to isoelectric focusing in sucrose-stabilized pH gradients Fig. 4 ). Electrophoresis was carried out in Io % gels (24 x o'6 cm) at 4 mA/gel for the first hour and at 8 mA/gel for an additional i8 h. Migration was from left to right.
containing 0"5 ~ Brij 35 and I mM-DTT. Results obtained with pH-inactivated M-Mengo, which did not differ in any significant way from those obtained with L-and S-Mengo, are shown in Fig. 4 (a) . The breakdown products were found to be resolved into three well defined peaks, here designated peaks I, II and llI. Since the positions (pH 4"5 and 7"7) and relative sizes of peaks I and III resembled the pattern obtained when intact virions were focused in comparable gradients, the composition of the material in all three peaks was examined.
Electrofocusing of Mengo virions and proteins
433
The polypeptide compositions of the material present in the pooled peak fractions were determined by SDS-polyacrylamide gel electrophoresis, and the results are presented in Fig. 5 . The material present in peaks I and III was found to contain all minor (D2 and e) and major (~, fl, y, 8) polypeptides present in intact virions (Ziola & Scraba, I974) -in both cases the mixture being greatly enriched with respect to polypeptide 8 compared to the polypeptide composition of intact virions. The material in peak II, on the other hand, was found to contain equimolar amounts of virus structural polypeptides ~,/3, and 7 only -which is the composition of the well characterized I3'4S subunit of Mengo virus (Mak, Colter & Scraba, I974) . The two small peaks, designated i and ii, seen in all three electropherograms shown in Fig. 5 , do not correspond to any of the structural polypeptides of Mengo virus, and in all probability are artifacts produced by the manipulations (concentration, TCA precipitation) involved in recovering the material present in peaks 1, II and II1. In other experiments with pH-inactivated 3H-uridine labelled M-Mengo (data not shown), it was found that virus RNA was present in peaks I and III, but not peak II.
In a series of experiments, the 13"4S subunit was isolated (velocity sedimentation in linear Io to 3o ~ sucrose density gradients) from pH-inactivated L-, M-and S-Mengo, and was examined by isoelectric focusing. Identical results illustrated in Fig. 4(b) , were obtained with the subunits isolated from all three variants. In all cases, a single sharp peak was generated in the pH gradient, located at pH 5"85 to 6.oo.
Isoelectric focusing of individual structural polypeptides
In a further attempt to define possible biophysical differences among the three Mengo variants, a study aimed at determining the pIs of the four major stIuctural polypeptides of the virions was undertaken. Initial attempts to focus the polypeptides in preparations of • solubilized virions were unsuccessful due to the limited solubility of the polypeptides, and their tendency (particularly 7 and ~) to aggregate. These difficulties were circumvented by first separating and isolating the individual polypeptides by SDS-polyacrylamide gel electrophoresis. The polypeptides, eluted from the gel fractions in the form of protein-SDS complexes, were then passed through columns of Dowex AGz-Xm (zoo to 4oo mesh) as described by Weber & Kates 0970 to remove the SDS. The efficiency of the method was tested by using 35S-SDS in the isolation procedure. No detectable radioactivity was found in the protein samples after passage through Dowex AGz-XIo columns. Recovery of the proteins from columns was quite variable, ranging from zo to 9o ~ depending on the variant and the particular polypeptide in question. Data obtained from focusing the individual 3H-amino acid labelled polypeptides of M-Mengo in sucrose-stabilized, pH (3"5 to Io) gradients, containing 6 M-ethylene glycol, 0"5 ~ Brij 35 and 2 ~o fl-mercaptoethanol, are illustrated in Fig. 6 . It should be noted that single sharp peaks were obtained only when the gradients contained ethylene glycol, Brij and mercaptoethanol, even though the latter reagent caused some deterioration of the alkaline end of the pH gradient. Satisfactory focusing was not achieved in gradients in which ethylene glycol was replaced by 6 M-urea. The results of these studies are summarized in Table 2 , from which it is clear that there are no striking differences among the three variants with respect to the pIs of the individual structural polypeptides. The pIs of polypeptides c~ and fl of S-Mengo appear to be somewhat higher than those of the same polypeptides from L-and M-Mengo. However, it is difficult to draw a firm conclusion since, in general, the S-Mengo polypeptides were recovered in very low yield from the Dowex columns, and did not focus as sharply as did the M-and L-Mengo polypeptides.
DISCUSSION
It is difficult to draw any firm conclusions from the data presented here on the isoelectric focusing of intact Mengo virions, particularly when viewed in the light of the previous report from this laboratory (Chlumecka et al. 1973) . In both studies, M-Mengo was found to be resolved into two peaks when focused in a sucrose-stabilized pH gradient containing 0"5 ~ Brij 35. However, the pHs at which the major and minor peaks were found were 4"4 and 6"3 respectively in the earlier study and 8"4 and 4"6 in the present one. We are at a loss when it comes to providing a rational explanation for the discrepancy between the two sets of data. In both studies, several different pools of M-Mcngo were used, and in neither study was any difference noted in the electrophoretic behaviour of the different pools. There was no indication -based on such parameters as the size of plaques produced in L cell monolayers, and the effect of protamine on plaque size -that the virus pools used in the two studies differed in any way. We are left with the fact that the two studies were separated in time by about one year and were carried out with different batches of synthetic carrier ampholytes (Ampholine, LKB). It seems quite possible that the complexity of virus particles makes them unsuitable for analysis by this technique, and makes it virtually impossible to distinguish what is artefactual from what is real.
The bimodal distribution of virions, seen by us and by others (Mandel, I971; Korant et al. I975) following electrofocusing of picornaviruses in sucrose-stabilized gradients, was, in our hands, abolished by the addition of 6 M-ethylene glycol to the gradients. If, as first suggested by Mandel (1970, the segregation of virions into two distinct populations reflects the fact that the virions can exist in two different conformational states, then one must assume that ethylene glycol tends to fix the virions in one of those two states. When L-, M-and S-Mengo were subjected to isoelectric focusing in the presence of 6 M-ethylene glycol, they were found to behave essentially identically-another observation that is difficult to reconcile with the results of our earlier study, which seemed to distinguish L-Mengo quite clearly from either the M-or S-variant.
Attempts to detect differences between the populations of M-Mengo isoelectric at pHs 4"7 and 8"4 were not particularly revealing. The specific infectivities of virions in the two peaks were found to be identical -an observation that is in agreement with that made by Mandel (197I) with poliovirus but differs from that made by Korant et al. (1975) with human rhinovirus type z. The virions in the two populations were found to have identical polypeptide compositions, to have identical sedimentation characteristics in linear sucrose density gradients, but to differ with respect to their ability to agglutinate human, type O erythrocytes. The latter observation is compatible with, but does not prove, that the two virus populations, isoelectric at different pHs, represent two different conformational forms of the virus. If one accepts that hypothesis, the observations made with the human rhinovirus on the one hand and with Mengo and polio viruses on the other, suggest that with the latter two agents the two putative conformational forms may be more readily interconvertible than are those of the human rhinovirus.
The data obtained from the isoelectric focusing of pH inactivated virions, of the I3"4S subunits isolated therefrom, and of the individual structural polypeptides of the virions 29-2 v. CHLUMECKA~ P. D'OBRENAN AND J. S. COLTER were more reproducible than those obtained with intact virions. However, the observation that three well defined peaks were generated by the isolectric focusing of pH-inactivated, 3H-amino acid labelled virions, and that only some 3o to 4o % of the radiolabel was present in the peak corresponding to the ~3"4S subunit, was unexpected (see Fig. 4a ). In this, as in previous studies (O'Callaghan et al. ~97o) , approx. 8o % of the radiolabel was found in the I3"4S peak when pH-inactivated, radiolabelled virions were subjected to velocity centrifugation in neutral sucrose density gradients. This apparent discrepancy is best explained by postulating that the material present in peaks 1 and II1 was produced during isoelectric focusing by reassembly of the products formed by pH inactivation of the virions. This hypothesis is compatible with the observed polypeptide compositions of the material in these two peaks, and with the finding that virus RNA was present in both. The I3"4S subunits isolated from L-, M-and S-Mengo band at the same pH in sucrese-stabilized gradients, and there are no significance differences in the pIs of the individual structural polypeptides isolated from the three variants. These findings are not reconciled readily with earlier reports from this laboratory that described a number of differences among the three variants of Mengo virus, some of which [chromatographic behaviour on hydroxylapatite columns (Scraba, Hostvedt & Colter, 1969) ; rates of sedimentation in pre-formed dextran sulphate density gradients (Scraba, Hostvedt & Colter, 197o) ; rates of attachment to L cells (Mak, O'Callaghan & Colter, 197o) ; rates of electrophoretic migration in acrylamide gel (Chlumecka et al. I973) ] are most readily explained on the basis of differences in surface charge characteristics among the variants. They are, however, compatible with the finding that there are no significant differences among the three variants with respect to the amino acid composition of total virus proteins (Scraba et al. I969) .
